The thermal microenvironment of corals and the thermal effects of changing flow and radiation are critical to understanding heat-induced coral bleaching, a stress response resulting from the destruction of the symbiosis between corals and their photosynthetic microalgae. Temperature microsensor measurements at the surface of illuminated stony corals with uneven surface topography (Leptastrea purpurea and Platygyra sinensis) revealed millimetre-scale variations in surface temperature and thermal boundary layer (TBL) that may help understand the patchy nature of coral bleaching within single colonies. The effect of water flow on the thermal microenvironment was investigated in hemispherical and branching corals (Porites lobata and Stylophora pistillata, respectively) in a flow chamber experiment. For both coral types, the thickness of the TBL decreased exponentially from 2.5 mm at quasi-stagnant flow (0.3 cm s 21 ), to 1 mm at 5 cm s
INTRODUCTION
In shallow reef environments, the ambient water temperature can underestimate the heat exposure of corals [1, 2] . During periods of low wind, clear skies and low turbidity, a combination of limited water circulation and strong light penetration into the water column (e.g. [3] ) can elevate the temperature of individual corals above that of the surrounding water by up to 18C [1, 2] . Such an apparently minor heating effect can be of great significance to corals, which generally thrive optimally only 1 -28C below their maximal temperature tolerance [4, 5] . Microenvironmental thermal stress, induced under high irradiance and low water flow, has hitherto been largely overlooked, but may be of particular importance for understanding and monitoring heat-induced stress on coral reefs. Clear and calm weather conditions in shallow reefs, when the ambient water temperature can rise by several degrees, are often associated with the onset of coral bleaching breaking down the coral symbiosis with their zooxanthellae and potentially resulting in widespread coral mortality (e.g. [3, 6] ). Large-scale bleaching events have occurred at increasing frequency in the past 30 years [7, 8] and seem closely linked to global warming [9] . The role of the thermal microenvironment of corals in such heat stress responses is unknown.
Solar-induced heating of corals can be reduced by increased flow velocity, and is also influenced by coral colour as well as their shape and size [1, 2] . A better understanding of the temperature differences that may arise between individual corals during and prior to a bleaching event would refine the spatial and temporal accuracy of temperature monitoring programmes based on measurements of sea surface temperature (e.g. NOAA Coral Reef Watch Programme, [10] ). To assist monitoring programmes, it is expected that a coral thermal model, based on principles of heat transfer theory, could estimate the temperature variability of corals in the field [2] . However, such a model requires that the effects of environmental parameters such as irradiance, and in particular water flow, are adequately described in mathematical terms.
The rate of convective heat loss at the surface of corals is limited by the presence of a thermal boundary layer (TBL), which extends a few millimetres from the coral surface [2] . The TBL acts as an insulating barrier where conductive heat transfer may dominate over advection [11] . The surface warming of corals is thus modulated by the thickness of the TBL, which typically decreases with the inverse power of the flow velocity [2, 12] . However, the exact formulation of this powerlaw relationship between TBL thickness and flow is specific to the shape of the submerged object, the topography of the surface of exchange and the physical characteristics of the water flow (velocity and turbulence level). While such relationships are known for simple geometrical shapes such as spheres and cylinders [12] , they need to be determined empirically for complex structures such as corals.
The TBL emerges through the interaction of the coral's surface with the viscous forces in the fluid [11] , and is therefore analogous to the diffusive boundary layer (DBL) that controls the exchange of solutes and dissolved gases (such as O 2 ) between corals and the surrounding water [13] [14] [15] . In a previous study [2] , we showed the presence of a TBL and a DBL at the surface of corals, and verified that the TBL was approximately four times thicker than the DBL, as expected from heat and mass transfer theory. The theoretical analogy between heat and mass transfer implies that despite the different spatial scales of the TBL and DBL, the thickness of both boundary layers should respond in a similar way to increasing flow velocity [12] . The power-law relationship between flow velocity and boundary layer thickness is often considered interchangeable between heat and mass transfer processes [2, 12, 16] . Consequently, the mathematical relationship describing the TBL thickness (d TBL ) as a function of flow could in theory be inferred from the analogous relationship between DBL thickness (d DBL ) and flow, which has been characterized for oxygen transfer at the surface of branching (Pocillopora damicornis [6] ) and hemispherical corals (Montastrea annularis [16] ). However, for such relationships to be reliably translated from one process to the other, the validity of the heatmass transfer analogy should first be verified for corals, with their complex surface topographies and shapes.
In order to better understand and ultimately predict the thermal exposure of individual corals under bleaching conditions, we investigated the effect of water flow on the temperature of shallow-water corals. Microsensor technology was used in two controlled laboratory experiments to (i) examine the effect of coral surface topography on the temperature microenvironment at the scale of individual polyps in Leptastrea purpurea and Platygyra sinensis; and to (ii) empirically determine the mathematical relationship between water velocity and the thickness of the TBL for two coral species with contrasting morphology: the branching Stylophora pistillata and the hemispherical Porites lobata; and (iii) compare the responses of the TBL and the DBL to variations in flow velocity.
MATERIAL AND METHODS

Corals
Corals were collected in January 2007 from the shallow lagoon adjacent to Heron Island Research Station, Great Barrier Reef, Australia (151855 0 E, 23826 0 S) and maintained in continuously flowing sea water at 268C, i.e. the ambient lagoon temperature. For contour mapping of the TBL over individual polyps (experiment 1), corals with rough topographies were chosen (figure 1): a small colony of L. purpurea (approx. 35 mm in diameter) characterized by rounded approximately 1 mm deep corallites and a small P. sinensis colony (approx. 45 mm in diameter), characterized by approximately 2 mm deep valleys and ridges. Corals of relatively smooth topography, characterized by small and shallow polyps (less than 1 mm), were collected and transported to Sydney for experimental work on the effects of flow on the TBL and DBL (experiment 2): 10 colonies of P. lobata (approx. 35 mm in diameter) and nine fragments of S. pistillata (approx. 50 mm in length, each with one to three branches; branch thickness 5-6 mm).
Boundary layer measurements
Temperature and O 2 boundary layers were investigated using the microsensor profiling equipment and experimental set-up described in Jimenez et al. [2] and in more detail for each experiment (see below). Briefly, corals were each placed in a Plexiglas flow chamber (see below for chamber dimensions in each experiment) flushed with aerated sea water (258C, salinity of 33). Actinic light (400-800 nm) was provided by either a fibre optic light source (Schott KL-2500, Germany) or a halogen lamp (PAR38150W, Arlec, Australia).
For TBL measurements, a temperature microsensor with a tip size of 50 mm (TP50 microthermocouple, Unisense A/S, Aarhus, Denmark) was connected to a thermocouple meter (T301, Unisense A/S) and mounted on a motorized micromanipulator (Märtzhäu-ser, Wetzlar, Germany) with computerized depth control. For O 2 DBL measurements (experiment 2 only), a Clark-type O 2 microelectrode with a tip diameter of 10 mm (OX10, Unisense A/S) was connected to a picoammeter (PA2000, Unisense A/S) and calibrated linearly using sensor readings in airsaturated sea water and O 2 -free sea water, respectively. Data acquisition was done via an analogue/ digital converter interfaced to a PC running software for positioning and data acquisition (Profix, Unisense A/S). A dissecting microscope (Leica, Wetzlar, Germany) was used to position the microsensor tip at the surface of the coral tissue before commencement of vertical profiling.
Because the temperature and O 2 concentration profiles were nonlinear (figure 2), the hyperbolic tangent method of Nishihara & Ackerman [18, 19] ) was used to determine the thickness of the TBL, d TBL , and of the DBL, d DBL . Dimensionless profiles (Q(z)) were calculated as [17] ). Photographs of the morphologically distinct coral species used in the flow chamber experiments: L. purpurea and P. sinensis were used for mapping of the thermal microenvironment of corals of complex surface topography, while the relatively smooth, branching S. pistillata and hemispherical P. lobata were used to assess the effect of flow velocity on the TBL thickness. LI-1400 datalogger and LI-190SA quantum sensor, LI-COR). Temperature contour maps were constructed from multiple temperature microprofiles (n ¼ 7-9) measured at 0.5 -1 mm horizontal intervals and 200 mm vertical intervals along a transect across a single polyp and perpendicular to the direction of flow. The coordinates of the tissue surface were determined for each profile by positioning the microsensor tip at the surface using a micromanipulator (Märtzhäuser, Germany) and observation through a dissecting microscope.
Experiment 2. Flow effects on the thermal boundary layer and diffusive boundary layer
The effect of flow on the TBL and DBL of P. lobata and S. pistillata was investigated using a longer flow chamber (Plexiglas, 10Â5Â36 cm) that permitted flow velocities up to 5 cm s 21 . For the TBL measurements, corals were heated by strong irradiance (1500 W m
22
, corresponding to approx. 2500 mmol photons m 22 s
21
) provided by a halogen lamp (PAR38150W, Arlec, Australia). Extreme levels of irradiance, while not environmentally realistic, were chosen for measurements of the TBL in order to ensure sufficient heating and well-defined temperature profiles even at increased flow velocities. The corals were exposed to seven different flow velocities (0.3, 0.6, 1.4, 2.3, 3.0, 3.8 and 5.0 cm s 21 ), as determined by visual tracking of neutrally buoyant particles (brine shrimp cysts) in the free stream 2 cm above the corals. The hemispherical P. lobata colonies were oriented in the direction of the flow, while the branches of S. pistillata were oriented horizontally and perpendicularly to the direction of flow. All corals were placed at the same position within the flow chamber. Three replicate temperature microprofiles (measured at intervals of 50-200 mm vertical distance) were performed after 15 min incubation at each flow velocity; the same point on the coral's upper surface was sampled at all flows. Additional profile measurements (data not shown) over a 1 cm 2 tissue area on the light-exposed region of the coral surface confirmed that the relatively smooth topography of P. lobata and S. pistillata only caused a small spatial variation in d TBL of approximately 10 per cent, unlike L. purpurea and P. sinensis.
Measurements of the O 2 DBL were performed a week later using the same flow chamber and the exact same coral individuals, positioned and oriented as for the previous TBL measurements, and exposed to each of five flow velocities: 0.5, 0. , provided by a fibre optic light source (Schott KL-2500).
Coral reflectance spectra
In order to account for potential differences in radiative absorption [1] between the two groups of corals, the reflectance spectrum (400 -750 nm; 0.35 nm spectral resolution) of each coral was measured with a fibreoptic spectrometer (USB2000, Ocean Optics, USA) equipped with a 1.5 mm diameter bifurcated fibreoptic reflectance probe (R400-7-UV/VIS, Ocean Optics). Each coral was submersed in filtered sea water in a small glass beaker filled with 0.45 mm filtered sea water, and the tip of the probe was positioned approximately 5 mm and at a 908 angle relative to the coral surface. Actinic light (400 -800 nm) was provided by a deuterium-halogen light source (DH-2000-BAL, Ocean Optics) connected to the input branch of the bifurcated reflectance probe, while the reflected light was collected through the input branch. Based on a numerical aperture of 0.22, the input branch thus collected light over a solid angle of approximately 0.1 sr, which at the measuring distance projected to a circular area (field of view) of approximately 2 mm 2 . Spectral reflectance (R) was measured as the ratio of reflected light from the coral surface to that reflected from a 99 per cent diffuse reflectance standard (Spectralon, Labsphere, USA). Spectral reflectance was then further normalized to the reflectance at 750 nm. Potential differences in reflectance spectra caused by variations in the distance of the probe to the coral surface, or differential skeletal scattering properties between the branching and the massive species would be apparent at wavelengths greater than 700 nm where absorption by the pigmented coral tissue is minimal [20, 21] . Normalization to the reflectance at 750 nm corrected for such variations and enabled comparison of the optical absorption properties of the tissue of P. lobata and S. pistillata. Subsequently, normalized reflectance spectra (R) were averaged over 400-700 nm and the average tissue absorptivity, i.e. the fraction of absorbed irradiance was estimated as a ¼ 12R.
RESULTS
Experiment 1
3.1.1. Thermal boundary layer mapping. The thickness of the TBL over individual polyps of P. sinensis and L. purpurea was strongly affected by topographical features of the corallites such as protruding septae (figure 3). For P. sinensis, the TBL over polyp tissue was thicker than over the coenosarc (i.e. the connective tissue separating adjacent polyps; figure 3a) and for both species, regions of polyp tissue were up to 0.38C warmer than the coenosarc (figure 3a,b).
Experiment 2
3.2.1. Coral surface temperature. The surface temperature of S. pistillata branches and of hemispherical specimens of P. lobata (figure 4) increased above that of the surrounding water by up to þ0.208C and þ0.558C, respectively, when exposed to high irradiance (1500 W m ). Warming of the coral surface decreased with increasing velocity down to approximately 0.058C and 0.108C (for each species, respectively) at a flow of 5 cm s 21 (figure 4). Curve fitting of the experimental data showed that the relation between coral surface warming, DT, and flow velocity, u, followed a power-law relationship of the form: DT u 2m , where the exponent m was approximately 0.5 (figure 4). Such a relation is in agreement with heat transfer theory [12] and the exponent is consistent with heat transfer across a laminar boundary layer [22] . At all experimental flow rates, the thickness of the TBL measured on the colony's apex was similar for both coral species, but the hemispherical P. lobata experienced a greater surface warming than the thin branches of S. pistillata (figure 5). ) where P. lobata had a thicker TBL than S. pistillata ( figure 6a,b) . The effective DBL thickness (d DBL ) was similar for both species (figure 7a,b) and varied from 0.2 mm at 4.3 cm s 21 to 0.7 mm at 0.5 cm s
21
. The DBL was thus thinner than the TBL by a factor of 2.9-3.5. A power-law relationship with flow was also found for the DBL thickness ( figure 7a,b) , as expected from mass transfer theory and numerous experimental reports of mass transfer processes in corals (e.g. [6, 16, 23] ).
The heat transfer exponents for S. pistillata and P. lobata were 0.36 + 0.05 (n ¼ 9 + s.e.) and 0.38 + 0.03 (n ¼ 10 + s.e.), respectively. They were statistically similar to the expected value of 0.5 for heat transfer across a laminar TBL [12] , and were unaffected by coral shape ( p . 0.05; Student's t-test). The mass transfer exponents for both coral species (0.74 + 0.14 and 0.84 + 0.12, for S. pistillata and P. lobata, respectively) were also unaffected by coral shape ( p . 0.05; Student's t-test), but were significantly higher than 0.5 ( p , 0.005; Student's t-test) and typical of transport across a turbulent boundary layer [22] . , r 2 ¼ 0.98 for S. pistillata and P. lobata, respectively.
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Coral absorptivity.
No significant difference in the coral absorptivity (a) was detected between S. pistillata and P. lobata: 0.54 + 0.03 (n ¼ 9 + s.e.) and 0.59 + 0.02 (n ¼ 10 + s.e.), respectively ( p . 0.05; Student's t-test), thus indicating that the tissue of both coral species had similar light-absorbing efficiencies.
DISCUSSION
Earlier studies have shown that flow velocity enhances mass transfer at the tissue surface of corals for a variety of parameters, such as O 2 flux [23] [24] [25] , inorganic carbon delivery [6] , nutrient uptake [26] [27] [28] and prey capture [29] [30] [31] . The modulation of mass transfer across DBLs by flow is known to affect coral physiology [13, 25, 32, 33] , and high water flow has been shown to reduce photoinhibition in corals [34] . The latter observation has been linked to an apparently improved resistance and resilience to bleaching of corals in high flow areas [35] [36] [37] . Despite the sensitivity of corals to small increases in temperature [9, 38, 39] , the effect of flow velocity and coral shape on the TBL of corals has hitherto only been briefly addressed [1, 2] .
Intra-colonial heterogeneity in thermal boundary layers
Temperature microprofiles showed that the interaction of flow with the coral's topography can result in millimetre-scale heterogeneity in the coral TBL thickness and tissue temperature ( figure 3 ). This is consistent with analogous reports of complex O 2 DBLs over individual polyps [13, 33, 40] . It remains to be seen how variations in coral topography may influence, for example, the response of TBLs to increases in flow velocity. While our results indicate that deep hollow calices may have the potential to retain a substantial TBL (figure 3b), even at higher flows (as seems to be the case for DBLs, cf. [40] ), small roughness elements also have the potential to enhance heat fluxes by affecting flow patterns [16] and generating turbulence in the TBL. These results, together with evidence of intra-colonial variability in O 2 saturation [13, 40, 41] and light microclimate [13, 41] , clearly demonstrate that the physico-chemical environment of coral tissue is spatially complex at the scale of individual polyps. This may help understand the patchy nature of coral bleaching at the scale of single colonies. Finally, results from this study indicate that laboratory-based bleaching experiments using heaters to increase the temperature of the surrounding water may not adequately replicate the microscale thermal environment of shallow-water corals in situ.
Flow effects on coral surface temperature
Our results confirm that the surface temperature of corals is most likely to exceed that of the surrounding water under conditions of low flow velocities (less than 5 cm s
21
) and high irradiance (figure 4). Flow regimes in coral reefs are extremely variable [14, 42] , ranging from strong (20 -50 cm s 21 ) wave-generated bidirectional flows on a seaward reef crest to low unidirectional flows (less than 5 cm s
) in deep fore-reef and shallow back-reef habitats [43] . For the particular case of shallow lagoons and reef flats with minimal wave action, tidally driven flows range from 1 to 15 cm s 21 (e.g. [16, 44] ) and are typically lowest (5 cm s 21 or less) during low tide [44, 45] . Therefore, the temperature of shallow-water corals is most likely to increase above that of the surrounding water during summer midday low tides, when conditions of low flow and high irradiance coincide.
The dependency of coral surface temperature on flow could be described by an inverse power-law relationship, in accordance with heat transfer theory [12] . A consequence of the power law (e.g. [11] ) is that small variations in flow velocity affect the temperature of corals much more efficiently at the lowest flow (less than 2 cm s quasi-stagnant flow typically occur during particularly calm weather conditions such as doldrums and are often associated with the onset of bleaching [3, 9, 46] . Our results indicate that under such bleaching conditions, small local variations in flow velocity could greatly affect the temperature of individual corals. Additionally, the three-dimensional structure of the reef creates a wide range of microhabitat flow regimes [42] . In particular, individual corals sheltered within larger aggregations and individual branches within colonies may experience a greatly reduced flow compared with the free stream [6, 47] . The temperature of shallow-water corals may thus be spatially variable, and may contribute in part to the flow-related variability in bleaching responses of corals over spatial scales of 1 -100 m (e.g. [9, 37] ).
Interspecific variability in coral heat budgets
Our flow experiments provided further evidence that interspecific differences in coral morphology can affect a coral's thermal environment as first suggested by Jimenez et al. [2] . The temperature of the massive P. lobata was consistently higher than that of S. pistillata branches, at all flows (figure 4). A similar result was reported in Jimenez et al. [2] where the temperature of hemispherical corals was higher than that of the branching specimens. This could be attributed to differences in light-absorption capacity, which may be dynamic, species-specific and seasonally dependent [48] [49] [50] [51] . However, in this particular study, no difference in absorptivity was found between the two experimental coral groups, possibly as a result of the acclimation period under artificial light and aquarium growth conditions prior to commencement of measurements.
Temperature differences may also be attributed to variations in the thickness of the TBL [2] . Again, in the present study, the TBL thickness did not differ significantly between massive and branching corals, thus indicating similar efficiencies of convective heat transfer despite their differences in size and shape. Considering that the surface temperature of a coral is controlled by energy exchange with its surroundings, in the form of radiative transfer, heat convection to the water and heat conduction to the skeleton [2] , and that the efficiencies of the first two processes were similar among the two coral groups, our results may be attributed to interspecific differences in the efficiency of heat conduction into the skeleton. This is supported by predictions from a simple theoretical coral thermal model described in Jimenez et al. [2] , together with observations of the slopes of the DT versus d TBL relationships in figure 5 . The surface warming of a coral was described in Jimenez et al. [2] as a function of the incident irradiance (E), the absorptivity of coral tissue (a), the convection coefficient (h) and a constant K 0 , which is a function of heat conduction into the skeleton [2] :
Considering that the convection coefficient can be expressed as an inverse relationship of the thickness of the TBL (i.e. h¼k/d TBL ; [11] ), equation (2.5) can be written as
Therefore, for a given irradiance (E), the slope of the relationship between coral surface warming (DT ) and TBL thickness (d TBL ) in figure 5 should be proportional to the coral's absorptivity (a), and inversely proportional to the thermal conductivity of water (k) and the constant K 0 . Considering that E and k were held constant, and that no difference was found for d TBL and a between the coral groups, equation (4.2) suggests that the different slopes in the DT versus d TBL plots (figure 5) are due to differences in the parameter K 0 , which is a function of heat conduction into the skeleton. Therefore, although potential effects of coral size and/ or colour cannot be completely ruled out [2] , our results from this particular experiment indicate interspecific differences in conduction into the skeleton. Thermal properties of the coral skeleton may thus significantly affect the surface heat budget of a coral.
The thermal conductivity of the porous aragonite skeleton should lie between 2.4 and 0.62 W m 21 K
21
(for water and aragonite, respectively; [12] ), thus making coral skeleton a relatively poor heat conductor. Thermal boundary layer of corals I. M. Jimenez et al. 1791 However, this value could vary with porosity and the relative content of water and aragonite, and the dimensions and size of the skeleton could also affect the conduction heat flux [2] .
These results appear paradoxical in light of the greater resistance of massive compared with branching species [52] [53] [54] . We speculate that during low spring tides, when exposed to low flow conditions and elevated irradiance, massive species may tolerate regular exposures to temperatures greater than previously thought. This greater thermal tolerance perhaps results from the superior acclimatization capacity of slow-growing massive species compared with fast-growing branching species [55] . The history of previous thermal or light exposure can shape the response to thermal stress, either by physiological acclimatization or selective adaptation [5, 52, [56] [57] [58] [59] . For instance, the worldwide range of coral thermal tolerance correlates with ambient water temperatures, thus indicating that corals have adapted to ambient conditions [4, 5, 60] . Additionally, bleaching impacts are often less in shallow reef environments that regularly experience large diurnal fluctuations in temperature during low-tide periods, compared with deeper and thermally more stable habitats [37, 61] . Finally, at the scale of individual colonies, regular exposure to stressful conditions of elevated irradiance can enhance the physiological tolerance to elevated temperature and irradiance [58, 62] . It is thus possible that differences in the history of thermal exposure caused by frequent solar heating may influence coral acclimatization. This should be further investigated, as it may affect our understanding of the fundamental differences in the physiology of bleaching sensitive and resistant species.
Heat versus mass transfer
This first experimental comparison between heat and mass transfer at the surface of symbiont-bearing corals revealed a discrepancy between the heat and mass transfer exponents (figure 7), which challenges expectations from the theoretical analogy between heat and mass transfer. The heat transfer exponent ( figure 7 ) was approximately 0.5 for both coral species, indicative of a laminar boundary layer [22] , whereas the exponent for O 2 transfer (figure 7) was close to 0.7, indicative of mass transfer across a turbulent boundary layer [22] .
While it is true that measurements of the TBL and the DBL were not performed simultaneously (all corals were sampled for the TBL first and the procedure was then repeated for the DBL), care was taken to preserve the position and orientation of each coral within the flow chamber, as well as the sampled region on the colony. The thickness of boundary layers can vary with the exact location around the colony ( [22] ; figure 3 ), particularly in the case of developing boundary layers [63] , and thus small variations in the experimental configuration could have affected boundary layer measurements. However, we would expect such variability to occur randomly within both experiments, and to affect TBL and DBL measurements in a similar way.
The presence of a microsensor can induce a local compression of the boundary layer [64] , most probably owing to a local acceleration of the flow. However, the relative size of the sensor tip (50 and 10 mm for temperature and O 2 , respectively) and the boundary layer (1000 and 200 mm for TBL and DBL, respectively, at 2 cm s 21 ; figure 7 ) was similar for both TBL and DBL measurements; thus, we would expect a similar effect on both boundary layers. However, a direct quantification of microsensor-induced boundary layer compression effects on TBLs remains to be done.
Both heat and mass transfer processes are ultimately governed by the momentum boundary layer, which is caused by the interaction between the flow regime and the coral's surface [23] . Results from this study appear as a major discrepancy in light of the analogy between heat and mass transfer, as a single exponent was expected to describe the effect of flow on the thickness of the TBL and DBL. Complementary measurements of the velocity profiles within the momentum boundary layer would be required to fully characterize transport processes at the surface of corals.
Interestingly, the distinct exponents measured in this study for heat and mass transfer, while at odds within a single momentum boundary layer, are each consistent with expectations from heat transfer theory and previous measurements on corals. The heat transfer exponent of approximately 0.5 is consistent with predictions from engineering studies of similar geometric shapes [12] . By contrast, the mass transfer exponent (approx. 0.7) is significantly higher than the value of 0.5 expected from heat transfer theory over the covered range of the Reynolds number (less than 10 000), but is consistent with previous reports of enhanced O 2 transfer across the DBL of corals [6, 16, 23] where the mass exponent ranged from 0.9 to 2.4.
Surface O 2 flux, and thus O 2 concentration profiles within the DBL, may be affected by chemical and biological processes at the surface of corals, such as carbonate chemistry or enzymatic activity [19] , and photorespiration [65] . DBLs may also be disrupted by the topographical roughness of skeletal features such as calices and septa [16, 66] , but it mostly remains unclear why mass transfer is so enhanced at the surface of corals [16] , and why, in this study, it appears more efficient than heat transfer.
The apparent discrepancy between heat and mass transfer exponents may also be a result of the different scales of the TBL and DBL (figure 7), which may be differentially affected by small skeletal roughness elements and/or the movement of polyps [32] and coral tissue cilia [16] . In the current experiment, the surface roughness of S. pistillata had no effect on the TBL, whereas Shashar et al. [40] demonstrated that small topographical features of S. pistillata polyps did affect the structure of the DBL. Simultaneous measurements of O 2 and temperature using a combined O 2 -temperature microsensor, together with an assessment of temporal fluctuations in both boundary layers [67] , may refine comparisons of heat and mass transfer at the surface of corals.
In conclusion, the present study is the first to compare TBL and DBL characteristics of corals under increasing flow and our results indicate that for topographically complex biological surfaces such as corals, heat and mass transfer should not be treated as completely analogous processes. Thus, it is difficult and can be misleading to translate between flow effects on the coral TBL and flow effects on the coral DBL, and vice versa. Further studies are needed to understand the mechanisms behind this apparent discrepancy, e.g. by including fine-scale measurements of flow and the momentum boundary layer.
Extrapolation to field conditions
In this study, coral temperature -flow relationships were characterized under controlled laboratory conditions of steady flow and low velocity (5 cm s 21 or less). This obviously limits the ability to extrapolate our data to describe the temperature of corals in situ, where flows can be spatially and temporally variable, with turbulent eddies and oscillations generated by wave action and the complex three-dimensional structure of the reef (e.g. [42] ). Our results are, however, directly applicable to the particular conditions of steadier flows with low velocity and minimal wave action occurring in shallow reef flats or lagoons under calm weather conditions (e.g. [16, 44] ). As discussed earlier, the temperature of corals is unlikely to exceed that of the surrounding water under stronger flow conditions. However, our experiments realistically reproduced flow conditions relevant to solar-driven warming of shallow-water corals, and the results may help produce realistic estimates of the differences in temperature that may arise between individual corals, in particular during a bleaching event.
Furthermore, the TBL was measured locally on the upper (sun-exposed) surface of the corals and was correlated to the flow velocity measured in the free stream directly above the corals. Therefore, laboratory-based TBL-flow relationships such as these should permit realistic estimates of the local TBL around small colonies and individual branches, provided local flow conditions are measured or modelled (e.g. [68] ).
CONCLUSION
The TBL over corals such as Leptastrea and Platygyra sp. can be spatially heterogeneous and affected by the topographical roughness of the skeleton. For topographically smoother corals such as P. lobata and S. pistillata, coral surface temperature can be described in terms of simple mathematical relationships. A powerlaw relationship describes the TBL thickness as a function of flow, and this is in turn linearly correlated to the coral's surface temperature. These empirical relationships can be used within a semi-empirical coral thermal model to predict the surface temperature of corals under realistic field conditions of flow and irradiance. The heat exponent characterizing the effect of flow on the TBL is consistent with expectations from engineering studies of simple geometric shapes, but differs from the mass exponent for O 2 transfer across the DBL. Additional TBL and DBL measurements, possibly with a combined oxygen -temperature microsensor, would be required to further investigate the potential for coral behaviour, physiology, or surface topography to differentially affect the TBL and DBL.
